ABSTRACT Efficient tandem reactions on a single catalytic nanostructure would be beneficial to improving chemical transformation efficiency and reducing safety implications. It is imperative to identify the active sites for each single step reaction so that the entire reaction process can be optimized by designing and integrating the sites. Herein, hydrogen transfer reaction is taken as a proof-of-concept demonstration to show that the spatial integration of active sites is important to the catalytic efficiency of the entire process in tandem reactions. We identified specific active sites (i.e., various sites at faces versus corners and edges) for formic acid decomposition and alkene/nitrobenzene hydrogenation-the two steps in hydrogen transfer reactions, by employing three different shapes of Pd nanocrystals in tunable sizes. The investigation reveals that the decomposition of formic acid occurs preferentially at the edge sites of cubic nanocrystal and the plane sites of octahedral/tetrahedral nanocrystals, while the hydrogenation takes place mainly at the edge sites of both cubic and octahedral/ tetrahedral nanocrystals. The consistency of active edge sites during different step reactions enables cubic nanocrystals to exhibit a higher activity than octahedral nanocrystals in hydrogen transfer reactions, although octahedrons offer comparable activities to cubes in formic acid decomposition and hydrogenation reactions. Guided by these findings, we further improved the overall performance of tandem catalysis by specifically promoting the limiting step through nanocatalyst design. This work provides insights into the rational design of heterogeneous nanocatalysts in tandem reactions.
INTRODUCTION
Hydrogenation is a class of important reactions extensively involved in many chemical processes [1] . Hydrogen gas (H 2 ) has been widely used as a hydrogen source for hydrogenation; however, there are safety issues in the process of production, storage, transportation and chemical manufacturing due to the natural flammable property of H 2 . Moreover, the majority of commercially used hydrogen is produced through steam reforming from hydrocarbons at high temperatures (700-1,200 K) while the production of H 2 is a strong demand of hydrogen energy in the coming decades. Thus it is an ideal scheme to perform hydrogenation reactions without the need of H 2 [2, 3] . Organic compounds, such as formic acid (HCOOH) as non-toxic liquid at room temperature, are promising candidates to replace H 2 in hydrogenation reactions if comparable activities can be achieved [4, 5] .
To employ HCOOH as a hydrogen source for hydrogenation, it is imperative to develop efficient catalysts for multistep reactions in the so-called "tandem catalysis" systems that have drawn much attention from the research community of catalysis. For instance, a tandem catalytic system has been reported that CeO 2 -Pt can catalyze methanol decomposition for producing CO and H 2 which subsequently serve as feed stocks for ethylene hydroformylation catalyzed by neighbored Pt-SiO 2 [6] . Such tandem catalysis reduces the complexity of reaction systems and improves the recycling efficiency of reactants as all the reaction steps can be accomplished in a single reactor. While tandem catalysis often integrates multiple catalysts in a single system, the tandem reactions for the designated hydrogenation with HCOOH (i.e., hydrogen transfer through HCOOH decomposition and successive hydrogenation) may take place on a single catalytic nanostructure so that it becomes no longer necessary to implement multiple catalysts in a reaction system. Palladium (Pd)-based catalysts possess relatively high catalytic activities in organic couplings [7] [8] [9] , oxidation [10] , hydrogenation [11] , and formic acid decomposition [12, 13] , which makes Pd nanocrystals become a suitable candidate for multistep tandem reactions [14] [15] [16] [17] .
Pd-based nanocatalysts are the most active materials for the decomposition of HCOOH, due to the lowest effective barrier [18] . The decomposition of HCOOH may follow two possible pathways [19] :
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As the dehydrogenation process dominates the decomposition of HCOOH on Pd nanocatalysts [20] , Pdbased nanocatalysts would enable HCOOH as an ideal hydrogen source for further hydrogenation. Such a hydrogen transfer scheme is a promising "green chemistry" approach to hydrogenation reactions [6, 21] .
In an ideal hydrogen transfer reaction, HCOOH is dehydrogenated to H atoms (adsorbed on catalyst, H ad ) that can directly transfer to substrate molecules for hydrogenation before forming H 2 . The reaction system does not have to go through the formation and dissociation of H 2 , which will improve the reaction efficiency. To efficiently transfer H ad atoms, the active sites for HCOOH dehydrogenation and substrate hydrogenation should be located together, while they are spatially separated in many cases. For this reason, the design of an efficient catalyst in multistep reactions relies on a clear determination of the real active sites for each single step. Previous reports have revealed the dependence of various reactions on structures including crystal planes, nanocrystal sizes and atomic sites [8, [21] [22] [23] . For example, the semihydrogenation of alkyne mainly took place at the plane sites of Pd nanocrystals, while the overhydrogenation of alkyne and hydrogenation of alkene preferentially occurred at the edge sites [22] . Although tandem reactions are not involved in these reports, they provide the insights into the determination of active sites for a specific reaction.
Herein, we reveal the active sites for each single step in the hydrogen transfer reaction based on three types of uniform Pd nanocrystals with cubic, octahedral and tetrahedral shapes and different sizes. It turns out that the decomposition of HCOOH occurs preferentially at the edge sites of cubic nanocrystals and the plane sites of octahedral/tetrahedral nanocrystals. Meanwhile, the hydrogenation of substrate molecules takes place mainly at the edge sites of both cubic and octahedral/tetrahedral nanocrystals. As such, the edge atoms of cubic nanocrystals become highly active sites for tandem hydrogen transfer reactions. Furthermore, we identify that the HCOOH decomposition is the limiting step in the tandem reaction. Guided by this result, we further improve the catalytic efficiency of entire hydrogen transfer reactions through promoting the HCOOH dehydrogenation with Ag-modified Pd catalysts. This work demonstrates the synergism between active sites in multistep tandem reactions and provides useful information for further heterogeneous catalyst design.
EXPERIMENTAL SECTION

First-principles simulations
All calculations based on spin polarized density functional theory (DFT) were performed by Vienna ab initio simulation package (VASP) [24] . Perdew-Burke-Ernzerhof of generalized gradient approximation (PBE-GGA) was employed in all calculations [24] . A plane wave cutoff of 400 eV was used with Gamma centered grid 2×2×1 for optimization and energy calculation. All atomic positions were optimized with the conjugate gradient method. The energy convergence was 10 −5 eV and the forces convergence was 0.04 eV Å −1 . The optimized lattice constant of face-centered cubic Pd was 3.954 Å. In our calculation, the slab models for Pd {111} and Pd {100} surface consisted of 4-layer 4×4 supercell containing 64 Pd atoms. In order to describe the step surface, a 5-layer 3×4 rectangle supercell slab model was adopted with partial atoms of the top three layers removed. At the same time, Pd (100) step surface was simulated using a 5-layer 3×3 supercell of rectangular 2 × 2 unit cell model with partial atoms of the top three layers removed.
Catalytic hydrogen transfer reaction measurement
The measurement was performed using an ordinary cuvette. The total volume of the reactor was about 20 mL. 0.2 mg Pd catalysts, 3 mmol HCOOH and 0.2 mmol substrate molecules were dispersed in 1 mL H 2 O at room temperature without further operation. The reactor was sealed and heated at 50°C for 1 h. The amounts of substrates and products were determined using a gas chromatography-mass spectrometry (GC-MS, 7890A and 5975C, Agilent). The amount of HCOOH was determined using a Bruker AVANCE AV400 nuclear magnetic resonance (NMR) spectrometer
RESULTS AND DISCUSSION
Three types of uniform Pd nanocrystals with cubic (in three different sizes), octahedral (in two different sizes) and tetrahedral shapes as model catalysts were employed in the investigation. Here, the particle sizes are limited by the synthetic methods of Pd nanocrystals. Their catalytic activities can be evaluated for two step reactions (i.e., HCOOH decomposition, and substrate hydrogenation) and multistep hydrogen transfer reaction. To assess the performance of active sites, we employed a simple model to differentiate atomic sites, which involves four different types of atomic sites-cubic plane atoms, 100 plane site; cubic edge atoms, 100 edge site; octahedral/tetrahedral plane atoms, 111 plane site; and octahedral/tetrahedral edge atoms, 111 edge site ( Fig. 1 ) [22] . As octahedral and tetrahedral shapes share the same atomic arrangement at the plane and edge sites, we classified them into a single type. We first synthesized the Pd nanocrystals with three basic geometric shapes (cubes, octahedrons and tetrahedrons) covered by {100} or {111} facets, respectively (Figs S1-S3) [16, 25] , offering four different types of plane and edge atoms as illustrated in Fig. 1 . Transmission electron microscopy (TEM) and high-resolution TEM (HRTEM) images (Figs S1, S2) show that the obtained Pd nanocrystals have cubic and octahedral/tetrahedral shapes mainly enclosed by {100} and {111} facets, respectively. By tuning their particle sizes (see Fig. S3 for size distribution diagrams), the nanocrystals with three different shapes can establish a platform allowing different types of plane and edge atoms. According to the statistics method in the literature (Table S1 ) [26] , the percentages of edge atoms and plane atoms for the three types of nanocrystals are shown in Table S2 . The statistics of surface atoms for ideal face-centered cubic (fcc) crystals are necessary to determine the numbers of different types of atoms (plane, edge or body atoms) on a nanocrystal with a given particle size and geometric shape. These three types of well-defined nanocrystals provide simple model systems to tune surface facets and edge-tovolume or plane-to-volume atomic ratios. To simplify the case, the "edge atoms" include the ones at the edges and corners, while the "plane atoms" denote the ones located on the faces of a polyhedron but exclude the ones at the edges and corners.
Once the types and amounts of surface atoms are defined, the catalytic activity from each type of sites in the step reactions and tandem reaction will be investigated. To explore the reaction mechanisms and identify the real active sites, we employed several reactions to evaluate the performance of atomic sites. Fig. 2 outlines the relationship between tandem reaction and step reactions. In the presence of Pd catalysts, HCOOH can decompose into H 2 and CO 2 through the formation of H ad atoms. With the same Pd catalysts, the hydrogenation of substrate molecules can be achieved with H 2 , which undergoes the dissociation of H 2 into H ad atoms. With the two reactions taken together, Pd nanocrystals should be capable of catalyzing hydrogen transfer reactions directly through the intermediate of H ad .
As both HCOOH decomposition and substrate hydrogenation have been reported as structure-sensitive reactions, the overall performance of hydrogen transfer reactions should depend on the types of active sites. In this study, the Pd nanocrystals shown in Figs S1, S2 are used for the evaluation in catalytic reactions. In order to evaluate the specific contribution of atomic sites to each step reaction, four types of atomic sites-100 plane site, 100 edge site, 111 plane site and 111 edge site are specified. In the analysis, all the surface atoms are considered to offer catalytic activity. To differentiate the contribution from different types of surface atoms, a model was employed to describe the observed experimental results as follow [22] :
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Here TOF is the experimental turnover frequency based on all the surface atoms of cubes/octahedrons/tetrahedrons, which depends on the percentage of each atom type (γ i ) and its specific activity (TOF i ). The implementation of the model to the samples allows us to estimate the reaction activity of four types of surface atoms in catalytic reactions.
The process for determining active sites starts with reaction I (decomposition of HCOOH, reaction setup shown in Fig. S4 ) using the six model catalysts mentioned above. Table 1 shows the catalytic performance of samples under the same reaction condition. The TOF for each sample was determined based on the experimentally observed production of H 2 and CO 2 . According to the method in the literature [22] , the analysis model was first applied to the cubic nanocrystals with three sizes. Since the cubic nanocrystals with three sizes are all enclosed by {100} facets, the only difference between these samples is the variety of γ edge and γ surface . The formula (TOF surface = TOF plane ·γ plane + TOF edge ·γ edge ) is firstly applied with the statistics of surface atoms from Table S2 to estimate TOF100 plane and TOF100 edge . Based on the calculation results, the 100 edge sites show a dramatically higher activity in catalytic HCOOH decomposition. Meanwhile, we analyzed the three samples of octahedral and tetrahedral nanocrystals with the same {111} facets to estimate TOF111 plane and TOF111 edge . The calculation results indicate that Pd 111 plane sites make a major contribution to the catalytic activity of octahedrons and tetrahedrons in HCOOH decomposition, and they are significantly more active than the plane atoms of cubic nanocrystals. According to the TOFs, the edge atoms on cubic nanocrystals possess the highest catalytic activity in reaction I (HCOOH decomposition).
To further investigate the impact of capping ligands on catalytic performance, Fourier-transform infrared spectroscopy (FTIR) was employed to examine the surface ligands on the Pd nanocubes. As displayed in Fig. S5 , most ligands such as polyvinyl pyrrolidone (PVP) have been removed by the centrifugation and washing process. When the washed sample is further treated with water steam-a well-recognized extensive-cleaning method [27] , no surface change can be observed. This indicates that our washing process provides the comparable clean surface to steam treatment. Moreover, the Pd nanocubes treated with the washing process exhibit consistent catalytic activities with those treated with steam treatment. This further confirms that the catalytic measurements are not affected by surface ligands. In our work, all the samples were washed for at least 6 times and thus maintained equally clean.
To gain insight into the HCOOH decomposition at various sites, we have employed first-principles simulation to calculate the reaction energy ( Figs S6-S8 ). The simulation results show that the dehydrogenation takes place through five intermediate states: (1) the adsorption of HCOOH ad ; (2) the dehydrogenation of the first H atom to form HCOO ad and H ad ; (3) the first rotation step, namely HCOO ad +H ad (R 1 ); (4) the second rotation step, namely HCOO ad +H ad (R 2 ); and (5) the dehydrogenation of the second H atom to form CO 2 and 2H ad . As displayed in Fig. S9 , the reaction energies at 100 edge sites are relatively lower than those at the other three sites at the HCOO ad +H ad (R 1 ) and HCOO ad +H ad (R 2 ) stages. At the 100 plane , 111 edge and 111 plane sites, a rotation process of Pd-O bonds requires more energy to overcome reaction barriers. In sharp contrast, this step at 100 edge sites is accompanied with the formation of C-Pd bonds for bridged adsorption, leading to the reduced reaction energy. In this case, although the final states at 111 plane sites and 100 plane sites are at lower energy levels, the higher energy of intermediate steps limits their overall reaction rates (Fig. S9) . These simulation results agree well with the experimental TOFs for HCOOH dehydrogenation reaction. We then looked into reaction II using the hydrogenation of styrene as a model reaction to evaluate the catalytic activities at various sites. Similar to the analysis for reaction I, the TOFs for four types of sites in reaction II (hydrogenation reaction) were determined based on their experimental reaction yields ( Table 2 ). The calculated results show that the edge sites of both cubic and octahedral/tetrahedral nanocrystals are more catalytically active than their plane sites for styrene hydrogenation by H 2 , regardless of their atomic arrangements. This finding agrees well with the previous reports that the high activity of edge atoms benefits from their low coordination number [19] . More specifically, the catalytic activity of 100 edge sites is substantially higher than that of 111 edge sites.
Upon the identification of the active sites in step reactions, we further investigated the tandem reaction (reaction I + reaction II) using the same catalysts. The tandem reaction was carried out in the presence of HCOOH, substrate molecules and Pd nanocrystals in argon or air atmosphere without the addition of molecular H 2 . The measurement results show that the atmosphere of argon or air does not bring any difference to the yield of this tandem reaction. To confirm the origin of hydrogen in hydrogenation, we measured the H 2 production accompanied with this tandem reaction. Taking 14.4 nm Pd cubic nanocrystals as example, the reaction system produces almost no H 2 after reaction at 323 K for 60 min, significantly less than that in the absence of substrate molecules (3 µL). Nearly all the H ad atoms from HCOOH decomposition has been consumed by the hydrogenation of styrene, demonstrating the success of tandem reaction. Furthermore, we also performed the tandem reaction under a slow argon flow (see Fig. S10 ). The argon flow can timely remove the produced H 2 from the reaction system, which consumes H ad for H 2 production by breaking H ad ↔ H 2 equilibrium. It turns out that the yield of product drops down to only 6% with an extremely slow Ar flow. This suggests that the tandem reaction, which is associated with the formation of H ad , either competes with or relies on the release of H 2 . To exclude the uncertainty of catalytic performance, we performed 5 parallel experiments for each reaction condition. In addition, the hydrogen transfer reaction with five-fold scale was performed under the same condition based on 14.4 nm Pd nanocubes, achieving the yield of 29.2% that is consistent with that by the small system.
Given the confirmation of tandem reaction, we implemented a similar analysis process in the tandem reaction to obtain the TOFs for four types of atomic sites (Table 3) . Interestingly, the edge sites of Pd cubic nanocrystals show an unprecedentedly high TOF as compared with the other three types of atomic sites. We can thus conclude that a high TOF in the tandem reaction relies on the high catalytic activities in all the step reactions (Table S3) . It is worth pointing out that the TOF of tandem reaction is dramatically higher than those of HCOOH decomposition and styrene hydrogenation with molecular H 2 (Tables 1-3 ). This suggests that the tandem reaction can undergo a direct hydrogen transfer for hydrogenation without the forming and dissociating of H 2 .
Based on the experimental results above, we can propose a mechanism for the tandem reaction that involves HCOOH decomposition and styrene hydrogenation. In the case of octahedral and tetrahedral nanocrystals (Fig. 3a) , the decomposition of HCOOH preferentially takes place at their {111} plane atoms (step 1). These newly generated H ad atoms can form molecular H 2 (step 2), or further spillover to other locations such as edge sites (step 3). The involvement of H ad diffusion over metal surface in hydrogenation has been systematically investigated [28] [29] [30] . It should be pointed out that the previous calculation results show that the mean free path of a single H atom on clean Pd {111} surface is much shorter than that on Pd {100} facets [29, 30] . As the 111 plane sites possess lower catalytic activity for hydrogenation than the 111 edge sites as demonstrated in Table 2 , most of the H ad atoms should produce H 2 on {111} planes during the spillover process (step 3). The H ad atoms reaching 111 edge sites from step 3 can participate in hydrogenation reaction (step 4). Thus it is understandable that the octahedral and tetrahedral nanocrystals exhibit a relatively low TOF of octahedrons in the overall tandem reaction.
In comparison, the step reactions occurring on Pd cubic nanocrystals follow a different situation as illustrated in Fig. 3b . According to our TOF analysis, the dehydrogenation of HCOOH possesses a higher reaction rate at the edge sites of cubic nanocrystals, producing a large number of H ad atoms around the 100 edge sites. As H ad atoms are preferentially generated at the 100 edge sites which are very close to the favorable locations for the next hydrogenation step, the overall reactions can easily be carried out in a high TOF by shortening the path of H ad spillover. From this view, the consistency of the active site locations for step reactions is the prerequisite for achieving a high TOF for tandem reactions. Even the H ad atoms produced at 100 plane sites can spillover to edge sites with a higher efficiency owing to the longer mean free path on Pd {100}. As such, the hydrogenation through hydrogen transfer scheme can more efficiently take place on Pd cubic nanocrystals. Based on the obtained results, we can conclude that in addition to the coordination effect [31] , the spillover of H ad atoms is also critical to the activity of tandem reactions.
To verify the generic feature of tandem reaction, we investigated the substrate scope of the hydrogen transfer reaction with HCOOH as hydrogen source at 50°C under optimized conditions. In this scope, nitrobenzene and other alkene were chosen as substrates. The experimental results demonstrate that Pd nanocube is an effective catalyst for various hydrogen transfer reactions including the hydrogenation of C=C bond and -NO 2 (Table 4) . According to the TOFs of reaction I (decomposition of HCOOH, Table 1 ) and reaction II (hydrogenation reaction with molecular H 2 , Table 2 ), we recognize that the limitation for hydrogen transfer reactions originates from HCOOH decomposition. Previous work revealed that the HCOOH decomposition can be accelerated by bimetallic AgPd catalyst [32, 33] . To further enhance the hydrogen transfer reactions, we employed the Ag-modified Pd nanocubes (Pd@Ag, Fig. S11 ) as catalyst. It is worth mentioning that the capping of {100} by Br − enables the selective overgrowth of metallic atoms starting at the edges of Pd nanocubes [34] . In this case, the additional metallic atoms will spillover from edges to plane sites, forming the Pd nanocubes with both edge and plane sites modified by Ag atoms. As a result, the TOFs for all the reactions have been increased by such an Ag modification ( Table 4 ). The Ag modification can accelerate the HCOOH decomposition, forming H ad not only at edge sites but also on planes, both of which will promote the overall tandem reactions. Thus the identification of active sites in this work can serve as guidance for the future development of more efficient catalysts.
CONCLUSIONS
We have developed a heterogeneous hydrogen transfer system for hydrogenation by using a promising hydrogen storage medium-formic acid. Leveraging this platform, we have examined the catalytic performance of Pd nanocatalysts based on the nanocrystals with basic geometrical shapes, and determined the real catalytically active sites for step reactions. This work reveals that putting two step-reaction sites into one location can dramatically enhance the overall efficiency of hydrogen transfer reactions, which provides an approach to further develop both cost-effective and highly efficient catalysts for organic reactions. Furthermore, the determination of real active sites identifies the limiting step for a tandem reaction, allowing us to further optimize the construction of catalysts. This concept would facilitate the practical application of HCOOH as a hydrogen storage/generation medium in the view of heterogeneous catalysis, and can potentially be extended to the rational catalyst design for other types of heterogeneous tandem reactions. Overall, the active sites on metal surface offer a knob at the atomic level for tuning the catalytic efficiency of metal nanomaterials, which is important to the design of more complex catalysts such as bimetallic or trimetallic nanocrystals.
